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Abstract 
During a hydrant flow test, the more pipes with the increased flow velocity, the better the hydrant flow test is. Therefore, a good 
selection of hydrants for flow test is anticipated with the flow velocity increment or extra head losses occurred in as many pipes 
as possible. In order to maximize the performance of flow tests, a new method is developed to search for a combination of 
available hydrants for flow tests so that the total length of the pipes with the increased flow velocity and/or the increased unit 
hydraulic head loss greater than a prescribed threshold is maximized.  
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1. Introduction 
The primary purpose of the fire hydrants, installed throughout water distribution systems, is to enable fire 
fighters to connect fire engine hoses with the hydrants to help with extinguishing the fire whenever it occurs. 
Standard practice of hydrant placement in USA is to install hydrants every 500 ft (Lamm 200). Although practical 
consideration on placing hydrants may include many factors including accessibility, obstructions, proximity to the 
buildings protected and other circumstances, there are hundreds and even thousands of hydrants installed in an 
urban water distribution system depending on the size of the city. Hydrant flow test is not only widely used for 
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estimating the available fire flow from the hydrants, but also conducted to collect the pressure data for hydraulic 
model calibration (Walski 1983), leakage hotspot detection (Sage, Wu and Croxton 2010) as well as flushing the 
pipelines to ensure adequate water quality (Shah, Lakin, Singh, Raval and Grimes 2001). 
In order to collect good quality of pressure data, some guidelines have been developed to select hydrants for 
flow test. For instance, it is usually recommended that flow test be conducted with the hydrants located at the 
outskirt of a distribution system, and hydrant flow during the test should result in a significant pressure drop, e.g. at 
least 10 psi or 70 kPa (Walski, Chase and Savic 2003). With hundreds or even thousands of hydrants in a water 
distribution system, it is not straightforward task to select the hydrants for flow test to collect good quality of 
pressure data. In general, the more hydrants are selected for flow test, the more pipes are expected to induce the 
pressure drop, the better quality of data is likely collected for model calibration, the better the pipes are flushed, but 
more man-hour is required and more water is wasted during the test. Therefore it is desirable to optimize the 
selection of hydrants for flow test.  
Limited research was undertaken for or published in selecting the good locations for flow tests. Early work by 
Meier and Barkdoll (2000) applied a genetic algorithm to the sampling design of a small system. The optimized 
solution was confirmed by complete enumeration of all the possible combination of the sampling design. However, 
no general sampling design model is formulated for the hydrant selection optimization. In this paper, we present the 
general method for optimizing hydrant selection for flow tests. The method is to search for a set of available 
hydrants so that the performance of the hydrant flow tests is maximized. The problem is solved by using the 
Darwin Optimization Framework (Wu et. al. 2012) a generic parallel optimization tool developed by the authors. 
The integrated method has been tested on an example problem. The results obtained with the hydrant selection 
optimization are compared with the selection made by the experts in the field. 
 
Nomenclature 
HY set of available hydrants 
NH number of hydrants 
NP number of pipes 
impRT  impact ratio of hydrant flow tests 
jihg ,Δ  unit head loss change in pipe i due to flow test at hydrant j 
minhgΔ  minimum unit head loss 
jiv ,Δ  flow velocity change in pipe i due to flow test at hydrant j 
minvΔ  minimum flow velocity change Λ  impact matrix in size of NP x NH 
Φ  set of decision variables representing the possible combination of hydrants for flow tests 
iΓ  impact of the selected hydrant flow tests on pipe i 
ji ,λ  impact factor of hydrant j for pipe i 
kφ  index of the k-th hydrant in the hydrant set HY 
2. Methodology 
When a hydrant is open for flow test, it is expected that the hydrant flow will increase the flow velocity in pipes 
and consequently result in greater hydraulic head losses than the normal operating condition. The more pipes the 
flow velocities are increased due to a hydrant flow test, the better the hydrant flow test is. Therefore, a good 
selection of hydrants for flow test should result in velocity increase or extra head losses in as many pipes as 
possible or in the maximum pipe lengths. In order to maximize the performance of the flow test with a given 
number of hydrants, the method is formulated to search for a combination of the hydrants for flow test so that the 
total length of the pipes is maximized with the increased flow velocity that is greater than a prescribed threshold.  
Let { }NHhyhyhyHY ,...,, 21=  be the set of available hydrants for flow test, NH is the number of hydrants. 
Hydrant flow test is conducted by opening one hydrant at time. Using a hydraulic model, a hydrant flow test can be 
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simulated by adding a nodal demand at the junction or by specifying an emitter coefficient at the junction, where 
the hydrant is located. Due to the increased demand at the hydrant junction, the flow velocity is expected to change 
in the pipes that are connected with the flowing hydrant. Assume jiv , and jihg , be the flow velocity and hydraulic 
gradient of pipe i while conducting flow test at hydrant j respectively, while 0iv and 0ihg  designate the flow 
velocity and hydraulic gradient of pipe i without a flow test. The performance of a hydrant flow test can be 
evaluated by computing the effective length of the impacted pipes where the flow velocity change or unit head loss 
change is greater than the prescribed threshold. 
2.1. Impact database 
Assume that NH hydrants, as noted in the hydrant set HY, be available for flow test. One hydrant is opened for 
one flow test. The simulation of scenario j resembles the flow test at hydrant j. The hydraulic simulation results for 
the flow test are then used to evaluate the impact of the corresponding hydrant. The impact is assessed by using the 
impact factor
ji ,λ , taking the value of either 1 or 0, which indicates effectively or ineffectively impacted on pipe i 
by hydrant j flow test.  The impact factors of hydrant flow test can be evaluated by using the flow velocity change, 
ji ,λ  is given as: 
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Where 
jiv ,Δ is the flow velocity increase in pipe i under flow test j while minvΔ is the prescribed minimum velocity 
change. Alternatively, hydrant flow test can also be evaluated by using the hydraulic gradient change, 
ji ,λ  is given 
as: 
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Where 
jihg ,Δ is the hydraulic gradient change in pipe i under flow test at hydrant j, i = 1, …, NP, j = 1, …, NH, and 
minhgΔ is the prescribed minimum hydraulic gradient change. Simulating each of the NH flow test scenarios will 
result in an impact matrix, given as: 
 
   [ ]
NHNPji ×
=Λ ,λ           (3) 
 
Table 1 illustrates the structure of the impact matrix. Each column represents the impact of one hydrant flow 
test on all the pipes while each row represents the impacts of all the hydrants on one pipe. The value of each 
element in Table 1 is the impact factor for a water system and is calculated by Eq. (1) or (2) after performing the 
hydraulic simulation on each of the hydrant tests. The impact matrix is used for optimizing the hydrant selection.  
2.2. Hydrant optimization model 
Due to the large number of hydrants, it is not possible or desirable to open every hydrant for flow test. It is 
common practice that just a handful of hydrants are selected for flow test. Assume K (K < NH) hydrants can be 
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selected for flow test from the hydrant set HY, each of the selected hydrants is represented by using its index in the 
hydrant set, noted as kφ , HYk ≤≤φ1 , k = 1, .., K. The impact of hydrant kφ on pipe i is noted as ki φλ , . The impact 
of the selected K hydrants on pipe i is given as: 
 
 ( )
Kiiiii φφφφ λλλλ ,,,, ...321 ∨∨∨=Γ         (4) 
 
 
Table 1 Impact factor matrix of hydrant flow test 
 Hydrant-1 Hydrant-2 …… Hydrant-NH 
Pipe-1 1,1λ  2,1λ  …… NH,1λ  
Pipe-2 1,2λ  2,2λ  …… NH,2λ  
…… …… …… …… …… 
Pipe-NP 1,NPλ  2,NPλ  …… NHNP ,λ  
 
 
Eq. (4) is the binary OR function, which results in a value of either 1 or 0 for pipe i. When iΓ  takes value of 1, 
it indicates that at least one hydrant flow test induces greater than the prescribed flow velocity change or hydraulic 
gradient change, otherwise it is zero. Eq. (4) ensures that an impacted pipe is only accounted for once among all 
the flow tests conducted at the selected hydrants. The overall performance of the selected K hydrants is evaluated 
by the ratio of the length of the affected pipes to the total length of the pipes, given as: 
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In order to optimize the selection of the hydrants for flow test, it is desirable to search for a specified number of, 
noted as K, hydrants so that the overall performance of the selected K hydrants is maximized. Therefore, the 
hydrant selection optimization is formulated as: 
 
Search for: HYK ∈=Φ ),...,,( 21 φφφ         (6) 
Maximize: impRT           (7) 
 
The problem is solved in two phases including (1) generation of the impact factor matrix and (2) the 
optimization of the hydrants based on the impact matrix. The integrated solution method is implemented by using 
the Darwin Optimization Framework (Wu et. al. 2012) a generic parallel optimization tool. 
3. Implementation 
As shown in Fig. 1, the first phase of the solution method is to create the impact database and the second phase 
is to optimize the hydrant selection by integrating Darwin with the component of the hydrant test evaluation. Fig. 
1(a) illustrates the conceptual steps for generating the impact database. For each of the hydrants in a system, one 
simulation scenario is created by either adding the hydrant flow as an extra nodal demand to the hydrant node or 
adding an equivalent emitter coefficient to emulate flowing hydrant. Each hydrant event is simulated and the 
hydraulic results, particularly the pipe flow velocity and hydraulic gradient, are retrieved to calculate the impact 
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factors, given by Eq. (1) and (2), for all pipes. The calculated impact factors are used to assemble the impact binary 
database, as shown as in Table 1. Once the database is created and saved in a binary file in order to minimize the 
size of the file, it can be used for optimizing the hydrant selection in the second phase. 
An example of the impact database is given in Table 2 for a system with three hydrants and 4 pipes. Assuming 
each pipe be the same length of 1000 m, the total length of pipes is 4000 m. Based on this database, flowing 
Hydrant-1 will have effective impact on Pipe-1, Pipe-3 and Pipe-4, the corresponding performance is 0.75 (75%) 
by Eq. (5). Similarly, flowing Hydrant-1 and Hydrant 3 will have the same performance indicator of 0.75 as 
flowing Hydrant-1 only. This is because flowing Hydrant-3 does not contribute any uniquely effective impact 
although Pipe-1 and Pipe-4 are effectively impacted, but they are already counted for flowing Hydrant-1. Instead, 
flowing Hydrant-1 and Hydrant-2 will have the impact on all the pipes, so that the performance indicator is 100%. 
 
                                              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Phase I: Create impact database    (b) Phase II: Optimize hydrant selection 
Fig. 1 Integrated implementation of the solution method for optimizing hydrant selection 
 
Table 2 Example Impact Database 
 Hydrant-1 Hydrant-2 Hydrant-3 
Pipe-1 1 0 1 
Pipe-2 0 1 0 
Pipe-3 1 0 0 
Pipe-4 1 0 1 
 
In general, it is desirable to select the hydrant for flow test so that the performance is maximized. Using the 
impact database, any combination of hydrants can be evaluated by using the Eq. (5). For a given number of 
hydrants to be selected for flow test, Darwin Optimization Framework is applied to search for the combination of 
the hydrants so that the performance is maximized. Fig. 1(b) shows the conceptual integration of Darwin with the 
flow test performance. For any new solution created by Darwin, it is passed to the hydrant flow test evaluation 
module to compute the performance indicator using the database and Eq. (5). The calculated performance indicator 
is assigned as the fitness value that is passed back to Darwin for the corresponding solution, which is optimized by 
searching for the combination of hydrants so that the performance is maximized. The integrated solution method is 
tested on a benchmark example. 
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4. Example 
The integrated method has been tested on the C-Town system (Ostfeld et al. 2012), the Battle of the Water 
Calibration Network (BWCN) benchmark model. The system contains 5 DMAs with 429 pipes, 5 pump stations 
and 7 tanks. As part of the field data provision, 8 hydrant flow tests were designed for collecting pressure data.  
Table 3 shows the hydrant junctions for the flow tests given by the BWCN. Each of the flow tests was simulated 
by using the hydraulic model. The performance of the flow tests was evaluated by using the ratio of the impacted 
pipe length over the total pipe length, as given as Eq. (2), with the minimum hydraulic gradient (unit head loss) of 
1.0 m/km. The total pipe length affected by 8 hydrant tests is 18,270 meters, which represents about 32% of the 
overall pipe length of 56,387 meters. The locations of the selected hydrants and the affected pipes are highlighted 
in Fig. 2. 
 
Table 3 Hydrant Flow Tests Designed by Experience 
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Fig. 2 Evaluation of fire flow tests selected by experience for C-Town system 
 
Hydrants selected by experience 
 
Affected pipes with greater than the 
minimum change of the unit head loss 
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Fig. 3 Evaluation of fire flow tests optimized for the maximum affected pipes for C-Town system 
 
 
 
Fig. 4 Comparison of the optimized fire flow tests with the flow tests designed by experience 
 
Due to the lack of hydrant information, it is assumed that each junction be connected with a hydrant. Applying 
the hydrant selection optimization method, 8 optimized hydrants for flow tests are identified as shown in Fig. 3. It 
illustrates that the hydrants selected via the optimization model are spread out in the system, and most of them are 
located at the edge of the system. The optimized hydrants result in the affected pipe length ratio of 66%, which is 
more than double of the affected pipe ratio induced by the flow tests designed previously.  
The performance of the originally selected 8 hydrants for flow test is also compared with the performances of 
the optimized flow tests with different number of hydrants. As shown in Fig. 4, with two hydrants selected by 
using the optimization model developed in this paper will outperform the originally selected 8 hydrants. The more 
hydrants are optimized for flow test, the greater the performance is, but it is observed that the performance do not 
significantly improve with more than 20 hydrants are optimized for flow test for this system. 
Hydrants optimized for flow test 
 
Affected pipes with greater than the 
minimum change of the unit head loss 
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5. Conclusions 
This paper presents an integrated method for optimizing the selection of hydrants for flow test. The 
implemented method is tested on an example water distribution system. The integrated hydrant optimization tool is 
applied to search for the given number of hydrants for flow test. The results have been demonstrated that the flow 
test performance, in terms of the ratio of the affected pipe length to the total pipe length with the predefined unit 
head loss change greater than the specified threshold, is doubled. It indicates that the proposed method is effective 
at and facilitates the hydrant selection for flow test. The method can be easily extended for optimizing the hydrant 
selection for flushing water distribution systems. 
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